1.. Introduction {#S1}
================

Niemann-Pick type C (NPC) is a rare, autosomal recessive disease characterized by an inability of the body to metabolize and dispose of cholesterol and other lipids ([@R5]). NPC is caused mostly by mutations in the *NPC1* gene (approximately 95% of cases), and the remaining cases are caused by mutations in the *NPC2* gene. Manifestations of the disease include neonatal jaundice, splenomegaly, ataxia, and progressive neurodegenerative impairment of motor and intellectual function. Most often, the onset of symptoms occurs in early childhood, leading to death within a decade. Unfortunately, diagnosis is challenging since NPC is rare and disease presentation is highly variable in terms of symptom onset and severity. There is currently no known cure for NPC, although early results employing *NPC1* gene therapy or novel lipid sequestration compounds have shown some therapeutic potential ([@R19]). Accurate models of disease progression are required to rapidly validate putative therapies.

The BALB/cNctr-*Npc1*^*m1N*^/J mouse is the most frequently used model for severe NPC ([@R17]). Studies of these mice have shown specific, patterned degeneration of the cerebellar Purkinje cells of homozygous mutants. Early disease features include reduced body weight, hunched posture, thin fur coat, and stunted development. Homozygotes also exhibit gait ataxia, hind limb paralysis, and intention tremors at late disease stage. As in the human condition, heterozygotes do not exhibit any of these features and are phenotypically indistinguishable from wild-type (WT) littermates. In addition to histological and behavioral phenotyping of these animals, longitudinal neuroimaging studies have been performed ([@R28]; [@R16]). These studies showed gross morphological reductions in the brains of mutant mice when compared to control littermates, though they stopped short of analyzing cerebellar layers and sub-regions. This was due, in part, to insufficient tissue-specific contrast afforded by non-contrast enhanced T2-weighted MRI of the mouse brain.

Manganese-enhanced MRI (MEMRI) has been shown to significantly improve contrast in the developing and adult mouse brain ([@R32]; [@R33]). Region specific contrast enhancement is apparent in the olfactory bulb, hippocampus, and the cerebellum. Given this focal enhancement, in addition to increases in whole brain signal intensity, it is possible to specifically probe volume differences in brain sub-regions using MEMRI ([@R26]).

With large neuroimaging datasets comes the problem of time-efficient and accurate data analysis. Expert delineation of fine brain structures is time consuming, but still remains the gold-standard of anatomical evaluation. However, the number of trained experts is small, and inter- and intra-rater variability limits the reliability of manual measurements. To mitigate these issues, semi-automated or fully-automated image registration workflows have been developed ([@R9]). Individual volumes can be registered into a well-defined atlas space and the resultant transformations from the registration chain can be manipulated to produce deformation-based measurements of volume.

In this study, we followed cohorts of BALB/cNctr-*Npc1*^*m1N*^/J homozygous mutant mice (*Npc*^−*/*−^) and their control wildtype (WT) and heterozygous (*Npc*^+/−^) littermates using MEMRI at critical timepoints of disease progression. The imaging data were registered together using a well-established processing pipeline and the resulting transforms were used to make volumetric measurements. Since MEMRI signal intensities have been shown in some cases to reflect brain function ([@R15]; [@R39]), quantitative comparisons of brain sub-region MEMRI signal intensities were also made after correction for volume differences.

2.. Methods {#S2}
===========

2.1.. Animals {#S3}
-------------

All mice used in this study were maintained under protocols approved by the Institutional Animal Care and Use Committee at New York University School of Medicine. Mice carrying a homozygous mutation in the *Npc1* gene were generated by breeding together BALB/cNctr-*Npc1*^*m1N*^/J heterozygous animals obtained from The Jackson Laboratory (Stock No: 003092). Progeny of this cross were genotyped at postnatal day 21, using PCR of tail DNA to identify homozygotes (*Npc*^−*/*−^), heterozygotes (*Npc*^+/−^), and wild-type (*Npc*^+*/*+^), WT) mice.

2.2.. MEMRI {#S4}
-----------

A 30 mM solution of manganese chloride (MnCl~2~) tetrahydrate (Sigma-Aldrich-221279) in isotonic saline was injected intraperitoneally (IP) 24 h before each imaging session at a dose per weight of 0.5 mmol/kg (62.5 mg MnCl~2~ per kg body weight). This MnCl~2~ dose was similar to the dose documented in our previous work using MEMRI for brain and brain tumor imaging ([@R25]; [@R21]). At this dose, no chronic adverse effects were observed as a consequence of MnCl~2~ administration in this study.

Mice were imaged on postnatal weeks (W) 3, 6, and 9, where each timepoint was the specified week ± 1 day. MRI was performed using a 7 T, 200 mm diameter horizontal bore magnet (Magnex Scientific) interfaced to a Bruker Biospec Avance II console (Bruker BioSpin MRI) with actively shielded gradients (750 mT/m; BGA9s; Bruker) and using a 25 mm quadrature Litzcage coil (Doty Scientific). Animals were anesthetized using isofluorane at 1.5 L/min compressed air flow rate (3% isofluorane for induction and 1--2% isofluorane for maintenance) delivered through a nose cone. Core body temperature (range: 34--37 °C) and respiration rate were monitored using a MRI-compatible thermocouple and respiratory pillow (SAII; SA Instruments). Custom 3D-printed plastic sleds were produced to secure mice of varying size.

T1-weighted MEMRI sessions were conducted using the following protocol: 1 min, low-resolution pilot; 21 min, 100 μm isotropic resolution, spoiled 3D gradient echo sequence (echo time/repetition time, TE/TR = 3/30 ms; flip angle, FA = 30°; field of view, FOV = 1.8 × 0.9 × 1.6 cm; Matrix size = 180 × 90 × 160 voxels).

2.3.. Image registration {#S5}
------------------------

Image registration allows quantification of anatomical differences between images in a high-throughput manner. We followed the Pydpiper ([@R9]) framework in our study. Images were linearly (6 parameter followed by a 12 parameter) and non-linearly registered together using ANTS ([@R1]) to create an average image of the entire study population. In order to preserve acquisition-specific signal intensity variation for quantitative analyses, population intensity normalization ('inormalize') and nonuniformity correction ('N3') stages were disabled. At the completion of this registration, all images had been deformed into alignment with each other in an unbiased fashion. This potentiated deformation based morphometry (DBM), or the analysis of the transformations required to register the anatomy of each individual mouse into the final consensus space. From the deformation fields, Jacobian determinants (local deformation magnitudes) were calculated for each transformation, providing statistics for cross-genotype comparison at W3, W6, and W9 ([@R35]). Absolute Jacobians (without removal of overall linear transformations) were used to quantify localized voxel-wise expansion and contractions in volume. Such measurements also allowed for visualization of local growth rate differences between WT and *Npc*^−*/*−^ animals.

2.4.. Automated segmentation {#S6}
----------------------------

We employed the MAGeT Brain ([@R6]) procedure for automated tissue segmentation using the Dorr-Steadman-Ulman-Richards-Qiu-Egan (DSURQE) atlas (182 structures, freely available at: <https://wiki.mouseimaging.ca/display/MICePub/Mouse+Brain+Atlases>) ([@R7]; [@R24]; [@R31]; [@R22]). In brief, our application of MAGeT generated a set of template atlases by non-linearly aligning the DSURQE atlas to a subset of the input images. Then, the input images were aligned to each of these templates. Finally, a voxel-voting procedure selected the most common label for each voxel among the set of segmentations.

2.5.. Statistical analyses {#S7}
--------------------------

Statistical analyses were performed in R (R, v3.5.0) with image analysis-specific tools exposed through RMINC ([@R14]). Imaging voxel-wise linear mixed-effects models were used to assess the effects of genotype (WT, *Npc*^+/−^, or *Npc*^−*/*−^) and time (W3, W6, or W9) on Jacobians ([@R2]). These models also allowed for small variation between subjects, as some animals were imaged longitudinally (i.e. across multiple timepoints) and others cross-sectionally (i.e. one timepoint only). The form of the linear mixed effects-model -- applied using the 'mincLmer' function - used in our analysis can be written as follows: $$y_{i} = \beta_{0} + \beta_{1}x_{1i} + S_{i} + \varepsilon$$

Individual voxels were denoted by (i); the interaction between genotype and time (*x*~1*i*~) was a fixed-effects regressor with corresponding fixed-effects coefficient (*β*~1~); we allowed for a fixed-effect offset (*β*~0~); accounted for subtle, subject-specific variation as a random-effect (*S*~*i*~); and assumed normally distributed error (*ε*). The log Jacobian determinant for each voxel (*y*~*i*~) was our response variable. Denominator degrees of freedom were estimated using Sattherwaite's method through 'min-cLmerEstimateDF'. Then the 'mincFDR' function was used to compute the False Discovery Rate ([@R3]; [@R10]) (FDR) and the 'thresholds' function computed statistically significant effect size thresholds after FDR correction at multiple confidence intervals. The voxel-wise *Npc*^−*/*−^ subset of *β*~1~ parameters were mapped for visualization of growth rate deviations from WT.

The DSURQE atlas shares hierarchical definitions with the Allen Brain Institute's mouse brain atlas ([@R13]), which made it possible to pull labels for the cortex, hindbrain, hippocampus, hypothalamus, midbrain, olfactory bulb, thalamus, cerebellum, and cerebellar sub-regions programmatically. Region-specific volume and signal cross-genotype comparisons were made using Tukey's method ([@R30]). The relative signal intensity in each brain region and sub-region were normalized to the whole brain signal: $$\textit{Relative~signal~intensity} = \frac{\textit{Mean~signal~per~voxel}_{\textit{Region}}}{\textit{Mean~signal~per~voxel}_{\textit{Whole~Brain}}}$$

Plots of quantitative volume and signal data include 95% confidence intervals as error bars about the mean of the measurement. Non-overlapping 95% confidence intervals indicate significant differences.

Raw data, R-code, and supplemental analyses are included in [Supplementary Data 1](#SD1){ref-type="supplementary-material"}.

3.. Results {#S8}
===========

3.1.. MEMRI reveals progressive degeneration and signal intensity differences {#S9}
-----------------------------------------------------------------------------

Mice were imaged both longitudinally and cross-sectionally between postnatal weeks W3 and W9 ([Table 1](#T1){ref-type="table"}, [Fig. 1A](#F1){ref-type="fig"}). At W3, MEMRI from representative WT and *Npc* ^+/−^ control mice showed appreciable signal enhancement -- particularly apparent in the olfactory bulb, hippocampus, and the cerebellum -- consistent with previous MEMRI studies of the developing and adult mouse brain ([@R26]; [@R34]). Whole brain signal reduction between W3 and W6 was apparent in *Npc*^+/−^ mice, similar to WT and *Npc* ^+/−^ mice. However, visually apparent reductions in cerebellar contrast were noticeable by W6 and progressively worsened by W9.

Across genotypes, all animals significantly gained weight from W3 to W6. Both WT and *Npc* ^+/−^ control animals also gained weight from W6 to W9, but this growth was not significant. *Npc*^−*/*−^ animals significantly lost weight from W6 to W9, as expected for end-stage progressive NPC. These animals were significantly underweight compared to control littermates across all time points ([Fig. 1B](#F1){ref-type="fig"}).

The visual trends in brain volume were corroborated by quantitative comparisons over time ([Fig. 1C](#F1){ref-type="fig"}). All mice experienced significant brain growth from W3 to W6, although *Npc*^−*/*−^ mice had significantly smaller brain volume than control littermates at both time points. In control animals, there was no statistically significant increase in brain volume from W6 to W9, while *Npc*^−*/*−^ mice experienced significant reductions in brain volume from W6 to W9.

Interestingly, *Npc*^−*/*−^ mouse brains were significantly hyperintense across all time points compared to control littermates ([Fig. 1D](#F1){ref-type="fig"}). For each genotype, mouse brains followed the same trend: statistically significant reduction in signal per voxel from W3 to W6, then relative isointensity from W6 to W9.

3.2.. Deformation-based morphometry revealed sub-region specific volume and growth rate retardation in Npc^−/−^ mice {#S10}
--------------------------------------------------------------------------------------------------------------------

Voxel-wise DBM analyses were performed on the data from all of the mice imaged from W3 to W9 ([Table 1](#T1){ref-type="table"}). These analyses showed significantly smaller volumes in *Npc*^−*/*−^ mouse brains as early as W3 ([Fig. 2](#F2){ref-type="fig"}). Of note, the olfactory bulb was significantly stunted at this early timepoint. Smaller magnitude volume reductions were apparent in several regions, including the pons, hippocampus, thalamus, and hypothalamus. Parts of the anterior cerebellum were also significantly smaller in volume, particularly in the cerebellar hemispheres.

At W6, more widespread volume reductions were apparent in the *Npc*^−*/*−^ mice. The significant effects persisted in the olfactory bulb, hippocampus, thalamus, and hypothalamus. At W6, the posterior cerebellum was also smaller in volume, in addition to the anterior cerebellum, corroborating previous reports that the Purkinje cells degenerate in an anterior-posterior/time-dependent manner ([@R12]).

At W9, there were few unaffected sub-regions in the *Npc*^−*/*−^ mouse brain. Significant volume reductions were apparent in the cortex, midbrain, and hindbrain in addition to the structures that were significantly affected at W6.

The volumetric data derived from DBM analyses were also used to estimate the growth rates in each genotype, showing that the *Npc*^−/−^ brain was significantly retarded in growth across most sub-regions compared to WT brains ([Supplementary Fig. 1](#SD7){ref-type="supplementary-material"}).

3.3.. Fully-automated segmentation enabled quantitative brain region-wise analyses {#S11}
----------------------------------------------------------------------------------

Consistent with the DBM results, quantitative, region-specific analyses after automated segmentation showed statistically significant reductions in the *Npc*^−*/*−^ mice compared to control WT and *Npc*^+/−^ mice ([Fig. 3](#F3){ref-type="fig"}). The trends observed for whole brain volume changes in the *Npc*^−*/*−^ brains ([Fig. 1C](#F1){ref-type="fig"}) were also seen in the brain sub-regions, with variable magnitude and statistical significance in the differences ([Fig. 3](#F3){ref-type="fig"}).

The WT and *Npc*^+/−^ cerebella were similar in volume across all time points. These animals experienced statistically significant growth in the cerebellum from W3 to W6, but no significant growth from W6 to W9. In contrast, *Npc*^−*/*−^ cerebella were significantly reduced in volume across all time points compared to controls. These animals experienced statistically significant growth in the cerebellum from W3 to W6, though the cerebella significantly regressed from W6 to W9. A summary of the quantitative volumetric trends and similar trends in other brain sub-regions is given in [Supplementary Table 1](#SD4){ref-type="supplementary-material"}.

3.4.. MEMRI signal comparisons showed brain sub-region specific trends over time {#S12}
--------------------------------------------------------------------------------

Relative signal intensity measurements from brain sub-regions were expressed as a percentage of the whole brain signal in each animal ([Fig. 4](#F4){ref-type="fig"}). The WT and *Npc* ^+/−^ cerebella showed no significant differences in relative signal across all time-points. These control animals remained relatively isointense from W3 to W9. Interestingly, *Npc*^+/−^ cerebella showed similar relative signal intensity to WT at W3 and W6, but were significantly hyperintense at W9. A summary of the quantitative signal trends and similar trends in other brain sub-regions is given in [Supplementary Table 2](#SD6){ref-type="supplementary-material"}.

3.5.. MEMRI enables longitudinal study of Npc^−/−^ cerebellar sub-regions {#S13}
-------------------------------------------------------------------------

Since Purkinje cell degeneration is a known phenotype of *Npc*^−/−^ mutant mice, we performed detailed analyses of the cerebellar sub-regions. Automated segmentation of the MEMRI images enabled visualization ([Fig. 5](#F5){ref-type="fig"}) and quantitative analysis ([Fig. 6](#F6){ref-type="fig"}) of the cerebellar cortex (which includes the cell bodies and dendrites of the Purkinje cells), white matter (which includes the Purkinje cell axons) and cerebellar nuclei (CN, the target cells of the Purkinje cell axons) of WT, *Npc*^+/−^, and *Npc*^−/−^ mice. These results showed that the cerebellar sub-regions followed similar trends to the whole cerebella of each genotype. Specifically, we observed significant volume increase of the WT and *Npc*^+/−^ sub-regions between W3 and W6 and no significant growth between W6 and W9, while *Npc*^−*/*−^ sub-regions grew from W3 to W6 but then regressed between W6 and W9. In addition, the *Npc*^−*/*−^ sub-regions were all significantly reduced in volume across all time points compared to the control WT and *Npc*^+/−^ sub-regions. Similarly, comparisons of the cerebellar (central) vermis and (lateral) hemispheres showed significant reductions in volume compared to WT mice across all time points, with no obvious difference between these two sub-regions. A summary of these quantitative volumetric trends is given in [Supplementary Table 3](#SD5){ref-type="supplementary-material"}.

3.6.. Cerebellar signal comparisons {#S14}
-----------------------------------

Comparisons of cerebellar sub-regional relative signals were made over time across genotypes ([Fig. 7](#F7){ref-type="fig"}). At W3, relative signal in the *Npc*^−/−^ cerebellar cortex, white matter and CN were increased -- significantly so in the white matter and CN -- compared to WT and *Npc*^+/−^ control mice. From W3 to W6, there was reduction in signal across all sub-regions and genotypes. *Npc*^−/−^ mice experienced significant reductions in signal across all three regions, whereas WT and *Npc*^+/−^ mice exhibited significant reductions only in the white matter and CN. At W6, the *Npc*^−/−^ cerebellar cortex had a similar relative intensity compared to the control mice whereas the white matter and CN were hyperintense at W6. From W6 to W9, the relative signal from all three cerebellar sub-regions remained roughly isointense in the control animals. Interestingly, relative signal from all sub-regions significantly increased from W6 to W9 in the *Npc*^−*/*−^ mice. A summary of these quantitative volumetric trends is given in [Supplementary Table 4](#SD8){ref-type="supplementary-material"}.

4.. Discussion {#S15}
==============

In this study, we presented a novel characterization of the BALB/cNctr-*Npc1*^*m1N*^/J mouse model of NPC using MEMRI. We followed the progression of disease longitudinally and cross-sectionally in cohorts of genotype-validated animals at critical time points; performed deformation-based morphometry (voxel-wise) to visualize both subtle and severe degeneracy in the *Npc*^−*/*−^ brain; and performed brain region-wise statistical analyses of volume and signal.

We chose to use MEMRI because of our experience with this approach for studying normal cerebellar development and other mouse models of cerebellar disease. Contrast enhancement provided by MEMRI enables fine definition of brain sub-regions, potentiating focal study of the cerebellar layers known to be affected in NPC. It is also interesting that MEMRI enabled *in vivo* analyses of the cerebellar nuclei, which have recently been reported to be critical for control of cell number and sub-regional volumes during normal cerebellum development ([@R36]). In addition to the fine-level anatomical detail provided by MEMRI in the current study, previous diffusion and tract-density weighted imaging methods have revealed differences in fractional anisotropy, tract dispersion, and apparent diffusion coefficient in the white matter of children ([@R29]) and mice ([@R27]) carrying mutations in *NPC1*. Further study of diffusion in combination with the cerebellar sub-region specific contrast afforded by MEMRI may be useful in future studies of NPC.

Automated image registration, as used in this study using the well-established Pydpiper framework, enabled rapid, objective quantification of a relatively large 3D imaging dataset. The transformations were pooled and processed to produce deformation maps of *Npc*^−*/*−^ brains compared to control littermates. Use of a well-defined atlas as a target for the registration permitted automated segmentation of the individual images. These steps represent an improvement on the semi-automated approaches utilized by a previous imaging study of this mouse model, and also enabled novel visualization of NPC disease progression ([@R28]). Compared to this previous study, the estimated brain volumes of the *Npc*^−*/*−^ mice and their control littermates are smaller in our study. Possible reasons for these differences could include smaller body and brain size due to larger litters and/or different diets in our colony, and differences in brain volume estimation due to a different whole brain atlas definition. Nevertheless, the relative magnitudes of longitudinal effects were similar across genotypes in the two studies.

The flexible registration pipeline was tuned to reduce signal resampling and normalization. Because of this, individual-specific signal trends were preserved and quantitative comparisons across genotypes were potentiated. Use of hierarchical anatomical atlases - such as the DSURQE or the Allen Mouse Brain Atlas -- enabled selection of brain sub-regions of varying granularity. In addition, the Allen Institute has published gene expression and functional connectivity data in the same space as the reference atlas ([@R13]). These data could be exploited in future studies of NPC mouse models if the Allen Mouse Brain atlas were aligned with the MRI study average ([@R38]; [@R8]).

Several brain sub-regions exhibited surprising hyperintensity in *Npc*^−*/*−^ mice, especially at later stages of disease. The cause of this is currently not well understood, but several features must be considered contributors to this effect. It is impossible to ignore the significant whole brain volume reduction in these mice. By nature of our imaging and processing workflow, partial volume effects become more prevalent as the segmented structure shrinks. Disentangling volume effects from the signal effects has proven to be challenging. Although Mn^2+^ dose was scaled to animal mass, *Npc*^−*/*−^ mice more aggressively lose brain volume compared to the magnitude of weight reduction. This may result in increased Mn^2+^ exposure to the brain in these animals compared to controls. Another challenging consequence of significant animal mass differences between control and *Npc*^−*/*−^ animals is systematic image acquisition parameter differences in (e.g. coil loading, automatic signal gain calculations, etc.). We attempted to correct for automatic global signal level adjustment apparent in online reconstructions by programmatically reversing automatic signal gain scaling before performing quantitative analyses *post hoc*. We also experimented with several forms of correction -- including N3 bias field correction and population intensity normalization. However, we did not include these post-processing steps in any of the analyses presented in the manuscript. We have included the raw data used to perform these analyses in addition to the data normalized using population intensity normalization, N3 bias field correction, or both in [Supplementary Data 1](#SD1){ref-type="supplementary-material"}.

In addition to mass and volume effects, differences in cellular-level Mn^2+^ uptake mechanisms in the context of neurodegenerative disease have been reported ([@R23]). Hyperintensity in T1-weighted MEMRI has been attributed to astrogliosis in models of inflammation post ischemic stroke ([@R11]) and late stage Parkinson's disease ([@R18]), and to aberrant Ca^2+^ channel activity in models of multiple sclerosis ([@R4]). Further mechanistic studies are required to determine the dominant uptake mechanism in this model of progressive NPC.

Our mice were on a Balb/cNctr background, which is the most widely studied model of progressive NPC. Given the natural heterogeneity in clinical disease presentation and progression, it may be prudent in the future to also study the longitudinal progression of other models of NPC. For example, the *Npc1*^*m1N*^ mutation on a C57BL/6J background has been shown to have more rapid and severe Purkinje cell degeneration than the animals used in this study ([@R20]). Conversely, the *Npc1*^*nmf164*^ model has been reported to be less aggressive and to more closely reflect the majority of the human alleles than the previously described null alleles ([@R16]). Assessments of behavioral deficits or regression- e.g. gait mapping, rotorod, or open field testing -- have been performed on *Npc1*^*nmf164*^ and other NPC model mice ([@R16]; [@R37]), but correlations of imaging with behavior have been limited to a single timepoint ([@R16]). In future, correlations of longitudinal behavioral and noninvasive imaging data could help predict out-comes in studies of NPC model mice, and add another axis for therapeutic efficacy analysis.

Our cerebellar sub-region analyses suggest that the contrast reduction observed in late stage *Npc*^−*/*−^ mice cerebella are due to both volume and signal level changes of both the white matter and the cerebellar cortex. *Npc*^−*/*−^ mice have been shown to have significantly reduced numbers of Purkinje cells, whose cell bodies and dendrites make up a significant fraction of the cortex, while the white matter is composed mostly of Purkinje cell axons. These results motivate future studies of the cell-specific source of Mn^2+^ uptake in the cerebellum.

Supplementary Material {#SM1}
======================

This work was partly funded by NIH grant R01NS038461. We thank Nikola Otic and Hannah Goldman for their help ensuring animal wellness over the course of this study. We also acknowledge the Preclinical Imaging Core at NYU School of Medicine for their assistance in implementing the MRI protocols and maintaining the MRI system used to acquire the MEMRI data.

Declaration of competing interest

The authors have no conflicts to declare.

Appendix A. Supplementary data

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.neuroimage.2020.116894>.

![MEMRI of *Npc* wild type, heterozygote and homozygote mouse brains reveal volumetric and signal differences across genotypes. (A) Compared to wild-type (WT) brains, heterozygotes (*Npc*^+/−^) were similar in signal intensity from W3 to W9 and experienced similar growth trends over this period. In contrast, homozygote (*Npc*^−*/*−^) brains were relatively hyperintense across all timepoints compared to controls and experienced noticeable volume reduction from W6 to W9. Scale bar -- 3 mm (B) Animal mass trends over the study period show WT (red) and *Npc*^+/−^ (green) animals did not differ significantly in their growth (p = 0.2658), whereas *Npc*^−*/*−^ (blue) mice were significantly underweight (p \<0.0001). (C) Brain volume quantitative trends were similar to those of animal mass trends. *Npc*^−*/*−^ animals had significantly smaller whole brain volume than WT by W9 (p \<0.0001). (D) Quantitative signal trends revealed that *Npc*^−*/*−^ mouse brains were significantly hyperintense across all timepoints compared to WT and *Npc*^+/−^ (p = 0.0173). Error bars -- 95% confidence intervals. N values are shown in [Table 1](#T1){ref-type="table"}. For complete contrast tables, please see [Supplementary Data 1](#SD1){ref-type="supplementary-material"}.](nihms-1609340-f0002){#F1}

![Deformation-based morphometry (DBM) reveals statistically significant voxel-wise contractions in *Npc*^−*/*−^ mouse brains. Particularly large contractions were apparent in the olfactory bulb (OB) as early as W3. Similarly large magnitude contractions were apparent in the cerebellum (Cb), hippocampus (Hi), and thalamus (Th) by W9. Insert: yellow lines indicate which sagittal orientation images and maps were rendered.](nihms-1609340-f0003){#F2}

![Brain sub-region quantitative volume analyses. (A) Statistically significant volume reductions were observed by W6, with marked degeneration apparent between W6 and W9 across all brain regions in *Npc*^−*/*−^ mice (blue) compared to WT (red) and *Npc*^+/−^ mice (green). Error bars -- 95% confidence intervals. (B) Select regions were analyzed, shown in 3D (p-values for WT -- *Npc*^−*/*−^ contrasts at W9, N values are given in [Table 1](#T1){ref-type="table"}): Olfactory Bulb (OB, p \<0.0001), Cortex (Cx, p \<0.0001), Midbrain (MB, p \<0.0001), Cerebellum (Cb, p \<0.0001), Hindbrain (HB, p \<0.0001), Hypothalamus (HT, p \<0.0001), Hippocampus (Hi, p \<0.0001), and Thalamus (Th, p \<0.0001).](nihms-1609340-f0004){#F3}

![Brain sub-region quantitative relative signal analyses. Relative to whole brain signal intensity, *Npc*^−*/*−^ brain sub-regions (blue) were: relatively hyperintense in the cerebellum (p \<0.0001), midbrain (p = 0.0099), and thalamus (p \<0.0001); relatively hypointense in the cortex (p = 0.0268), hypothalamus (p = 0.0049), and the olfactory bulb (p \<0.0001); and relatively isointense in the hindbrain (p = 0.9955) and hippocampus (p = 1.0000) compared to WT (red) and *Npc* ^+/−^ mice (green). Error bars -- 95% confidence intervals. (p-values for WT -- *Npc*^−*/*−^ contrasts at W9, N values are given in [Table 1](#T1){ref-type="table"}).](nihms-1609340-f0005){#F4}

![Visualization of cerebellar sub-regions. Segmentation of WT, *Npc*^+/−^, and *Npc*^−*/*−^ cerebella revealed sub-region-specific degeneracy in *Npc*^−*/*−^ brains. (A) At W9, WT and *Npc*^+/−^ cerebellar cortex (green), white matter (blue), and nuclei (red) segmentations appeared similar whereas those of *Npc*^−*/*−^ cerebella were reduced in volume. (B) These relationships were also apparent in 3D volume rendered segmentations. Over time, WT and *Npc*^+/−^ rendered segmentations showed no obvious differences in sub-region appearance. In contrast, the *Npc*^−*/*−^ cerebellar cortex (green), white matter (blue), and nuclei (red) were all reduced in volume compared to control animals and over time.](nihms-1609340-f0006){#F5}

![Quantification of cerebellar sub-region volumes over time corroborate visually apparent trends. Across all sub-regions and timepoints, there were no significant differences in volume between WT (red) and *Npc*^+/−^ (green) cerebella, whereas the *Npc*^−*/*−^ (blue) cerebellar cortex (p = 0.0002, \<0.0001, \<0.0001), white matter (p = 0.0078, \<0.0001, \<0.0001), and nuclei (p = 0.1283, \<0.0001, \<0.0001) were smaller in volume than WT over all timepoints. These trends were not different between the cerebellar hemispheres and vermis, suggesting that the *Npc*^−*/*−^ cerebellum degenerates uniformly. Inset shows the delineation between the (central) vermis and the (lateral) hemispheres. Error bars -- 95% confidence intervals. (p-values for W3, W6, and W9 WT -- *Npc*^−*/*−^ contrasts, N values are given in [Table 1](#T1){ref-type="table"}).](nihms-1609340-f0007){#F6}

![Quantitative signal trends in cerebellar sub-regions over time. As expected, there were no significant differences in relative signal between WT (red) and *Npc*^+/−^ (green) cerebellar sub-regions at any timepoint. Interestingly, the *Npc*^−*/*−^ (blue) cerebellar cortex was hyperintense at W3 and W9 and isointense at W6 compared to WT (p = 0.7557, 0.8197, 0.0002), while the cerebellar white matter (p = 0.1683, 0.0040, \<0.0001) and nuclei (p = 0.7431, 0.0951, \<0.0001) were hyperintense across all timepoints. Error bars -- 95% confidence intervals. (p-values for W3, W6, and W9 WT -- *Npc*^−*/*−^ contrasts, N values are given in [Table 1](#T1){ref-type="table"}).](nihms-1609340-f0008){#F7}
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